Isomerization of a closed to open complex of a promoter upon RNA polymerase binding involves base unpairing at the ؊10 region. After potassium permanganate sensitivity of unpaired thymine residues, we studied base unpairing at the ؊10 region during isomerization upon RNA polymerase binding at the P1 and P3 promoters of the gal operon. Substitution of adenine by 2-amino purine (2-AP) at the invariable A⅐T base pair at the ؊11 position of P1 and P3 prevented unpairing not only at that position but also at the other downstream positions, suggesting a ''master'' role of the adenine base at ؊11 of the template strand in overall base unpairing. 2-AP at ؊11 did not inhibit the formation of RNA polymerase⅐promoter complex and subsequent isomerization of the polymerase. Substitution of adenine by 2-AP at several other positions did not affect thymine unpairing. Changing the position of the amino group from C6 in adenine to C2 in 2-AP is mutational only at the master switch position, ؊11.
U nder ordinary physiological conditions, transcription in
Escherichia coli is executed by the RNA polymerase holoenzyme comprising ␣ 2 ␤␤Ј 70 subunits. Transcription initiation follows specific binding of RNA polymerase to the promotor. The initial binary complex (closed complex) undergoes structural changes (isomerization) in both proteins and DNA to make an open complex that is competent for subsequent templatedependent polymerization of ribonucleotides (1, 2) . Whether isomerization of RNA polymerase and DNA occurs simultaneously or one after the other is unknown. The 70 subunit plays a key role in recognizing and making specific contacts with base pairs at the Ϫ35 and Ϫ10 regions of the promoter (3) . In the open complex, DNA at the Ϫ10 region presumably becomes singlestranded for RNA polymerase to start reading the exposed template strand and polymerizing ribonucleotides (4) (5) (6) (7) (8) (9) (10) . The bases in the nontemplate strand make specific interactions with amino acid residues of 70 (11) . The consequence of these interactions is believed to stabilize the unstable nature of the unpaired DNA region (11) (12) (13) . The consensus DNA sequence of the Ϫ10 region is 5Ј-TATAAT-3Ј in the nontemplate strand, with the first T being at the Ϫ12 position (1) . To elucidate the molecular procedures of base unpairing during open complex formation, altered forms of DNA (depurinated, nicked, forked, or with single-stranded gap) in the Ϫ10 region were used as templates (10, (14) (15) (16) (17) (18) (19) . These studies suggested that base unpairing involves an initial distortion or localized melting event around Ϫ11 (16, 20) . In this paper, we provide results by using intact duplex DNA to demonstrate that the adenine residue itself at the position Ϫ11 of the nontemplate strand plays a master role in the initiation of base unpairing.
Materials and Methods
Materials. E. coli RNA polymerase holoenzyme was purchased from Epicentre Technologies (Madison, WI). cAMP receptor protein (CRP), purified to 98% homogeneity by FPLC (Amersham Pharmacia) from an E. coli strain carrying the crp gene in a multicopy plasmid pHA5, was a gift from S. Garges (National Cancer Institute, Bethesda). Synthetic oligodeoxynucleotides containing 2-amino purine (2-AP) substitutions (106-bases long) were obtained from Genosys (The Woodlands, TX) or Trilink BioTechnologies (San Diego). The final product of synthetic oligonucleotides was purified by PAGE.
Preparations of DNA Templates Containing 2-AP. The 2-APcontaining DNA templates were prepared by PCR in which one of the primers was 2-AP containing synthetic oligo. The second primer corresponded to the segment downstream to a transcription terminator (Fig. 1) . The DNA template for PCRs was plasmid pSA852. We prepared 358-bp-long PCR DNA fragments that generate a 125-nt-long RNA transcript from the gal P1 promoter in in vitro transcription reactions. After the PCR, the 358-bp DNA fragments were purified by electroelution (Bio-Rad) followed by ethanol precipitation.
In Vitro Transcription. In vitro transcription reactions were performed at 25°C in a 50-l volume following the procedure of Choy and Adhya (21) . The initial reaction mixture (45 l) contained 10 nM DNA template (2 nM for supercoiled pSA852), 20 nM RNA polymerase, 20 mM Tris acetate, pH 7.5, 10 mM magnesium acetate, 200 mM potassium glutamate, and 40 units of rRNasin (Promega). CRP, when present, was added to the initial reaction mixture at 50 nM. The cAMP contraction was 100 M. The mixture was incubated at 25°C for 20 min, and 5 l of NTP (2 mM of ATP, GTP, and CTP, 0.2 mM UTP, and 5 Ci [␣-32 P]UTP) was added. The mixture was incubated further for 10 min at 25°C, and the reaction was terminated by the addition of 50 l of STOP solution (BRL). Samples were boiled for 2 min, and 3 l of each sample was loaded onto 8% polyacrylamideurea sequencing gels to analyze the RNA. Quantitation of the transcripts was done by using a PhosphorImager (Molecular Dynamics).
DNaseI Footprinting Assay. The complex formation reaction was performed in a 50-l transcription buffer at 25°C for 20 min. The final concentrations of RNA polymerase and DNA were 50 nM and 4 nM, respectively. This reaction was treated with DNase I (1.5 units, BRL) for 4 min at 25°C. DNase I was inactivated by a phenol͞chloroform (1:1) extraction followed by a G-50 spin column (Amersham Pharmacia). The pattern was generated by PCR using a 32 P-labeled single primer followed by a DNAsequencing gel electrophoresis.
DNA concentration was 200 pM. The reaction was incubated at 25°C for 20 min followed by the addition of heparin to a final concentration of 50 g͞ml. Five microliters of the reaction was analyzed by 4% PAGE.
Potassium Permanganate Assay. The complex formation was identical to that of the DNase I footprinting assay. The reaction was treated with 5 l of 80 mM KMnO 4 and quenched by the addition of 5 l of 14.4 M ␤-mercaptoethanol followed by a phenol͞ chloroform (1:1) extraction. The DNA was cleaned further by G-50 spin column and precipitated by ethanol. The modified resides were identified by PCR using 32 P-labeled primers followed by electrophoresis in DNA-sequencing gel.
Results and Discussion
2-AP is an adenine analog in which the amino group is present at the C2 of the purine ring instead of at C6. 2-AP can substitute for adenine and pair with thymine without changing much of the physicochemical properties of double-stranded polynucleotide (22) (23) (24) (25) (26) . 2-AP acts as an adenine and pairs with thymine when present in the template strand during polynucleotide synthesis by DNA polymerase (see the experiments mentioned in the Fig. 5  legend) . Yet as shown below, 2-AP has an effect on transcription initiation only when present in a specific position in the Ϫ10 region of the P1 and P3 promoters of the gal operon of E. coli. 2-AP-containing DNA (Fig. 1) was generated by PCR for use as templates of transcription by RNA polymerase in vitro. The gal operon has been shown to contain four promotors: P1, P2, P3, and P4 ¶ (27) (28) (29) . Of these, P2 was inactivated by substitution mutations (Fig. 1) , and P4, which is located further upstream, was left out in these templates made by PCR. Thus, these templates showed synthesis of 135-and 121-nt-long RNA molecules corresponding to the P1 and P3 promoters as described below. We replaced the four adenine residues at positions Ϫ11, Ϫ5, ϩ1, and ϩ3 in the Ϫ10 region of the nontemplate strand of P1 by 2-AP individually. Wild-type DNA and DNA containing 2-AP at position Ϫ5 or ϩ3 produced as much P1 RNA as from wild type (Fig. 2) . The template with 2-AP at position ϩ1 made P1 RNA at 10% of the wild-type level. However, the RNA molecules from P1 were conspicuously absent from the template with 2-AP at position Ϫ11. The results of defective P1 RNA synthesis with 2-AP at the Ϫ11 position were interesting considering the minor structural difference between adenine and 2-AP and similarities in the physical and biochemical properties of adenine and 2-AP-containing DNA as mentioned. When the adenine at position Ϫ11 of the nontemplate strand of the template was replaced by guanine, cytosine, or thymine, the resulting P1 promoter also became totally defective in the corresponding RNA synthesis (data not shown). An adenine 3 thymine transversion at the Ϫ11 position was shown previously to inactivate the P1 promoter both in vivo and in vitro (30, 31) . Together, these results showed that the adenine at the Ϫ11 position of P1 is critical for transcription initiation and are consistent with adenine being the most invariant at this position in the consensus sequence (32) .
The 121-nt-long RNA from the P3 promoter was not observed in wild-type supercoiled DNA template but was found only with PCR-generated linear templates (Fig. 2) . In the latter examples, P3 was made generally in lower amounts relative to P1 RNA both from wild type and 2-AP-containing DNA templates, as was observed previously (33) , except when the 2-AP was present at position ϩ3. With 2-AP at ϩ3, no P3 RNA was observed. The ϩ3 position of P1 corresponds to the Ϫ11 position of P3 (33) . Thus similar to P1, transcription initiation from P3 was abolished when 2-AP replaced adenine at the corresponding Ϫ11 position.
CRP in conjunction with cAMP enhances the P1 promoter and represses P3 (21, 31, 33) . Consistently, the presence of cAMP and CRP stimulated transcription 3-4-fold from P1 and inhibited the same from P3 with DNA templates without 2-AP (Fig. 2) . The cAMP-and CRP-medicated stimulation of P1 RNA synthesis was observed also with templates having 2-AP present at position Ϫ5, ϩ1, or ϩ3 by the same amount as was observed with DNA without 2-AP. Although the intrinsic amount of P1 RNA synthesis was significantly lower in the template with 2-AP at the ϩ1 position, CRP resurrected this P1 defect to the wild-type level. Unlike 2-AP at ϩ1, cAMP and CRP barely helped the defect of P1 transcription in DNA containing 2-AP ¶ The newly discovered P4 promoter also was named as P3 in the original publication (27) . We have changed that to P4 in this report, with the permission of the authors, to avoid confusion. Fig. 1 . The gal promoter region of E. coli showing the P1 and P3 promoters in the plasmid pSA852 (D. Lewis, unpublished data). pSA852 contains a 288-bp segment of the gal control region (Ϫ197 to ϩ91) followed by a transcription terminator (21) . The CRP binding site is in bold. The transcription start site of P1 is denoted as ϩ1. The Ϫ10 region, the P1 promoter, is in bold and boxed, and that of P3 is boxed. The adenine residues with the asterisks were replaced individually by 2-AP in the 106-base-long rightward primer. DNA templates (385 bp) for in vitro transcription containing 2-AP were generated by PCR using the rightward and leftward primers (shown by arrows) from pSA852. The 106-base-long primer also contained Ϫ20T to G and Ϫ19T to G changes to inactivate the P2 promoter. T, transcription termination signal. at position Ϫ11. cAMP and CRP inhibited transcription from P3 not only with the wild-type DNA, as shown previously (33) , but also in DNA containing 2-AP at position Ϫ11, Ϫ5, or ϩ1.
The binding of RNA polymerase to wild type and 2-APcontaining DNA templates was followed by DNase I protection experiments and electrophoretic mobility-shift assays. The binding of RNA polymerase to the P3 promoter was not detectable under our experimental conditions, perhaps because of a very low affinity of P3. The results of DNase I protection showed that the presence of RNA polymerase affected the digestion pattern of the DNA segment from the Ϫ28 to ϩ14 position of P1 not only in DNA without 2-AP (both supercoiled and PCR-generated), as expected, but also in DNA containing 2-AP at position Ϫ11 (Fig. 3) . The effect was less pronounced for DNA with 2-AP at position ϩ3. The results suggested RNA polymerase binds to the P1 promoter with 2-AP at position Ϫ11. The binding was confirmed by gel electrophoresis experiments in the presence of heparin (Fig. 4) . The formation of a heparin-resistant complex demonstrates structural changes, i.e., isomerization of RNA polymerase. DNA without 2-AP and DNA with 2-AP at position Ϫ11 or ϩ3 complexed with RNA polymerase, thus retarding the mobility of the bound DNA in the same amount and to the same extent relative to free DNA during electrophoresis. Thus, 2-AP substitution at position Ϫ11, although it did not allow transcription, did not prevent binding and isomerization of RNA polymerase.
We studied base unpairing at the Ϫ10 region of DNA containing 2-AP at different positions. Base unpairing was monitored by the treatment of the DNA⅐protein complexes with KMnO 4 (34) . KMnO 4 generates hydroxy radicals, which detect unpaired thymines in DNA duplexes. The location of the unpaired thymines in both template and nontemplate strands was detected by primer extension (35) . The unpairing of thymine residues in open complexes at the P1 promoter has been identified previously by KMnO 4 reaction (36, 37) . These authors showed that the major opening of thymines occurred at the Ϫ11, Ϫ5, and ϩ3 positions in the nontemplate strand. Fig. 5 shows the results of thymine unpairing with or without 2-AP-containing DNA. Thymine unpairing was observed under our assay conditions at positions Ϫ11 and ϩ3 in the nontemplate strand and at positions Ϫ2, ϩ2, ϩ13, and ϩ16 in the template strands of DNA without 2-AP. Of these, thymines at position Ϫ11 in the nontemplate strand and at Ϫ2 and ϩ2 in the template strand were unpaired during open complex formation at the P1 promoter. The thymine unpairing at ϩ3 in the nontemplate strand and at ϩ13 and ϩ16 in the template strand were caused by open complex formation at P3; unpairing at these positions was not observed in supercoiled DNA as expected from the transcription results described above. Note that the ϩ3, ϩ13, and ϩ16 positions correspond to the Ϫ11, Ϫ2, and ϩ2 positions of P3. We investigated the effect of 2-AP substitutions of adenine opposite to thymines at positions Ϫ11, Ϫ5, ϩ1, and ϩ3 on thymine unpairing by KMnO 4 treatment (Fig. 5) . It is clear that 2-AP at positions Ϫ5, ϩ1, and ϩ3 did not affect the thymine unpairing pattern at the P1 promoter; thymine residues at positions Ϫ11, Ϫ2, and ϩ2 were sensitive to KMnO 4 as with DNA without 2-AP. Interestingly, the presence of 2-AP at position Ϫ11 of P1 has a pleiotropic effect; it not only abolished unpairing of thymine opposite to 2-AP at Ϫ11 but also failed to show unpairing at positions Ϫ2 and ϩ2 of P1. The presence of 2-AP at ϩ3 also showed the same pleiotropic effect in P3; it not only abolished unpairing of thymine opposite to 2-AP at ϩ3 but also failed to show unpairing at positions ϩ13 and ϩ16. These results clearly showed that when 2-AP resides at the corresponding Ϫ11 position of P1 and P3, none of the thymines unpaired.
Despite the fact that adenine and 2-AP are isomers that are indistinguishable in several physical and biochemical properties as discussed, 2-AP behaved differently from adenine when it replaced the latter at the invariant Ϫ11 position in the P1 and P3 promoters of gal. Although DNA containing 2-AP at Ϫ11 did bind RNA polymerase, it prevented unpairing and subsequent transcription, perhaps because the amino group at C6 of the purine makes a critical contact with the subunit, which is essential for unpairing. It has been suggested that the adenine at Ϫ11 interacts with the 70 subunit by becoming stacked between two aromatic amino acid residues, Trp-433 and Tyr-430 (12, 38, 39) . It is noteworthy that 2-AP at several other positions of the two gal promoters did not show any mutational effect. Unlike at other positions, 2-AP at position Ϫ11 at P1 not only prevented unpairing at that position but also prevented base unpairing at other positions located downstream, thus showing a polar effect. These results suggest that unpairing of the invariant A⅐T base pair Ϫ11 is a forerunner event and acts as the ''master'' of unpairing of bases. It has been suggested that DNA ''melting'' by RNA polymerase starts with a nucleation in the Ϫ12 to Ϫ4 region and extends up to ϩ2 position downstream (18) . Our finding of Ϫ11 A⅐T being the master position further pinpoints the actual start of the process of the nucleation. There may be a hidden rule in the pattern of base unpairing in a promoter guided by overall DNA sequence of the region; nevertheless, base unpairing shows polarity starting at a master position and moving downstream. Although no information is available about how RNA polymerase opens base pairs at a promoter, our demonstration of formation of heparin-resistant complex without base unpairing indicates that isomerization of RNA polymerase precedes that of DNA. DNA sequencing ladders for A, T, G, and C were generated by using the DNA sequencing kit (BRL). The DNA template used in sequencing was the 358-bp PCR DNA fragment containing 2-AP at Ϫ11 position; the results show that the complementary base for 2-AP after amplification is T.
